It is known that plants contain ferredoxin (Fd)-dependent nitrite reductase (NiR) and glutamate synthase (GOGAT). The Fd-NiR reaction produces ammonia from nitrite, and the activity is usually measured by nitrite disappearance. The Fd-GOGAT reaction forms two glutamates of different origin, from glutamine and 2-oxoglutarate, and the activity is measured by the oxidation of reductant (NADPH) or by formation of total glutamate. Here, a quantitative probe of the products and efficiency of the process was conducted using 15 N tracing techniques on these reactions in vitro. We quantified the reduction of 15 N-labeled NO 14 N]glutamate. We conclude that although the recombinant Fd-GOGAT enzyme has two forms of glutamate synthesis, the first by glutaminase (ammonia release by glutamine amidotransferase) and the second by glutamate synthase (coupling of the ammonia and exogenously applied 2-oxoglutarate), the first works without NADPH, while the second is strictly dependent on NADPH availability.
Introduction
Higher plant cells can synthesize amino acids from environmental inorganic nitrogen in all tissues; the major chemical forms of plant-available inorganic nitrogen in environments such as soil, water and the atmosphere are nitrate, nitrite, ammonium and gaseous ammonia and nitrogen oxides, and these nitrogen sources are efficiently utilized for plant growth and even for the control of plant architecture (Yoneyama et al. 2003 , Masclaux-Daubresse et al. 2010 , Andrews et al. 2013 . Recent studies have also disclosed the resynthesis of amino acids from the ammonia endogenously formed via deamination of amino acids during photorespiration (Keys 2006 ) and protein degradation (Lea and Miflin 2003) . The evidence of assimilation of inorganic nitrogen in plant tissues was based on 15 N tracing (Yoneyama et al. 2003) , as well as on identification of the enzymes involved and detection of the expression of their genes (e.g. Gummadova et al. 2007) .
Nitrate reductase [NADH-NR, EC 1.6.6.1; NAD(P)H-NR, EC 1.6.6.2; or NADPH-NR, 1.6.6.3], which catalyzes the reduction of nitrate reduction to nitrite, is present in the cytosol of both root and leaf cells (Beevers and Hageman 1980) . The subsequent reduction of nitrite to ammonia is catalyzed by nitrite reductase (NiR; EC 1.7.7.1), which involves a six-electron reduction in root plastids and leaf chloroplasts (Equation 1). The midpoint redox potentials (Em) of spinach NiR are À290 mV at its NO À 2 -binding siroheme and À365 mV at the [4Fe-4S] cluster (Hirasawa et al. 1994) .
The dependency of the NiR reaction on reduced ferredoxins (Fds), whose Em values are between À300 and À460 mV, was discovered in 1963 in Cucurbita pepo (Hewitt and Betts 1963) and spinach (Huzisige et al. 1963 , Losada et al. 1963 ).
The Zea mays Fds, which serve as direct electron donors, include tissue-specific molecular species: FdI (Em = À423 mV) and FdII in leaves; FdIII (Em = À345 mV) in roots , Yonekura-Sakakibara et al. 2000 . In leaves, light illumination supplies electrons to Fd from PSI (Em = approximately À550 mV). In contrast, the primary electron donor to Fds when leaves are in the dark may be NADPH (Em = À320 mV; Arnon 1988) , which is regenerated by glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49) in the oxidative pentose phosphate pathway (Oaks and Hirel 1985 , Jin et al. 1998 ). Furthermore plant-type NADPHdependent Fd-NADP + oxidoreductase (FNR; EC 1.18.1.2, Em = approximately À320 mV) may aid the reversible electron transfer between NADPH and Fd as shown in Equation 2 (Arakaki et al. 1997) . The reported concentrations of stromalocalized NADPH in spinach leaves were 0.29 mM in light and 0.12 mM in darkness (Heineke et al. 1991) .
The ammonia produced by NiR in leaves and by photorespiration in C 3 plant leaves can be assimilated into glutamate to form glutamine by glutamine synthetase (GS; EC 6.3.1.2) with an energy supply of ATP. The amide moiety is then transferred to 2-oxoglutarate (2-OG) to produce glutamate by L-glutamine (amide):2-oxoglutarate amidotransferase (GOGAT) or glutamate synthase (EC 1.4.7.1). Bacterial NADPH-dependent GOGAT (EC 1.4.1.13) was first discovered in Aerobacter aerogenes cells (Tempest et al. 1970) ; NADPH was found to supply the two electrons needed to reduce 2-OG. Without 2-OG but with pyruvate or oxaloacetate, A. aerogenes GOGAT formed equivalent amounts of glutamate and ammonia from added glutamine, indicating the presence of glutaminase activity (Tempest et al. 1970 ).
Higher plants contain Fd-dependent GOGAT (EC 1.4.7.1) in their leaves (Lea and Miflin 1974) and roots ) as well as NADH-dependent GOGAT (EC 1.4.1.14) (Lea and Miflin 2003) . Fd-GOGAT is a flavin and iron-sulfurcontaining protein. Originally, the Em values of its cluster of spinach Fd-GOGAT were estimated to be À180 ± 10 and À170 ± 15 mV, respectively (Hirasawa et al. 1992) ; later it was found that the two were isopotential, having an Em value of À225 ± 10 mV (Hirasawa et al. 1996 0 pairs of recombinant cyanobacterial Fd-GOGAT were calculated as À200 ± 25 mV (Navarro et al. 2000) and À160 to À150 mV (Ravasio et al. 2002 , Vanoni et al. 2005 , respectively. The Fd-GOGAT reaction in leaves is light dependent Miflin 1974, Ito et al. 1984) , and illuminated PSI may supply electrons to reduce 2-OG via Fds. In the dark, electrons could be supplied from NADPH generated by G6PDH. The sulfur atom of GOGAT protein Cys (1) attacks the bound glutamine and releases a glutamine-amide group as ammonia into the GOGAT ammonia tunnel (amidotransferase reaction) then synthesizes new glutamate by transferring the ammonia to 2-OG (synthase reaction) as indicated in Equation 3 (Suzuki and Knaff 2005) . The amidotransferase reaction is irreversible and is not believed to form ammonia as the glutamate dehydrogenase reaction does in higher plants (Lea and Miflin 2003) .
Thus, the fundamental schemes of the reductions of nitrate and nitrite and the assimilation of ammonia have been established. NiR activity is currently measured by the rate of nitrite disappearance, but the final product ammonium is seldom quantified. Meanwhile, GOGAT activity is determined by monitoring the initial rates of NADPH oxidation spectrophotometrically (Vanoni et al. 2005 ), but, again, the final reaction product glutamate is seldom quantified. In this study, we present in vitro evidence of nitrite reduction and glutamate formation in reconstituted systems using 15 N-labeled nitrite and [5-15 N-amide] glutamine to ascertain the mechanisms of these reductions. We also investigated the effect of reduced ascorbate (Em = approximately 0.10 mV; Foyer and Noctor 2005) present at high concentrations (10-20 mM) in chloroplasts where both nitrite reduction and glutamate formation are taking place (Foyer et al. 1983) . The 15 N tracing techniques were effective at eliminating interference by reductants on the N-(1-naphthyl)ethylendiamine-dependent color reaction of nitrite and at distinguishing the two glutamate molecules produced by the deamidation of glutamine and by ammonia transfer to 2-OG in the GOGAT reaction, respectively.
Results

N tracing of NiR reactions in reconstituted systems
The efficacy of the 15 N tracing technology for the in vitro reactions of recombinant cyanobacterial NiR was examined using sodium dithionite (DIT; Em = approximately À660 mV at pH 7) (Mayhew 1978) as the primary electron donor ( formation with combined DIT and Fd III was more efficient than when Fd I was used (Experiment 1-2) under our assay conditions, with or without addition of 20 mM NaCl or 20 mM Na-ascorbate (NaAsA). The physiological primary electron donor, NADPH, was efficient in the presence of FNR. The result with 2,000 nmol of NADPH (Experiment 1-3) led to formation of 210 nmol of 15 NH + 4 ; the addition of 20 mM NaCl or 20 mM NaAsA enhanced the activity around 30%. The addition of 10,000 nmol of NADPH (Experiment 1-3) did not accelerate 15 NH + 4 formation more than the 2,000 nmol of NADPH, but the activity was increased 40% by 20 mM NaCl, and by as much as 90% by 20 mM NaAsA.
Without NADPH ( (50-75% efficiency) was observed, and the addition of 20 mM NaCl or 20 mM NaAsA had no discernible impact on the in vitro NiR reactions.
Glutamate formation by in vitro reactions of recombinant Zea mays Fd-GOGAT
The primary electron donor of 1,200 nmol of DIT caused formation of a small amount (360 nmol) of glutamate from 5,000 nmol of glutamine with 30 min incubation at 0 C; whereas at 30 C, a large amount (7,100 nmol) of glutamate was formed (Table 3 , Experiment 3-1). The large amount of glutamate was probably derived from two sources: (i) deamidation of glutamine and (ii) synthesis by the coupling of 2-OG and the ammonia derived from amide of glutamine. Even without reductants (Experiment 3-2), significant temperature-dependent glutamate formation was observed when a wild-type GOGAT was employed, while basal level and temperature-independent glutamate formation was observed when a C/Gmutant GOGAT lacking NH 3 -releasing ability was used instead of the wild-type GOGAT. Table 3 Glutamate formation in the reconstituted systems after a 30 min incubation at 0 or 30 C catalyzed by wild-type and mutated GOGATs in the Na-P buffer solution (pH 7.5) containing 0.5 mM 2-OG and 0.5 mM glutamine
Exp.
DIT or NADPH (nmol ml
Glutamate formed after a 30-min incubation (nmol ml
À1
) at 0 C 3 0 C Values are the mean ± SE (n = 3).
If results within each experiment were statistically different at P < 0.05, different letters are given. DIT; dithionite. (Experiment 3-3) . When the C/G-mutated GOGAT was used, only small amounts of glutamate were detected and the incubation temperature (0 or 30 C) did not accelerate glutamate formation. Further increase of the NADPH concentration to 14,000 nmol (Experiment 3-4) did enhance glutamate formation, although it was not clear which pathway-deamidation of glutamine or amination of 2-OG-was at work.
If it was the two-electron reduction of 2-OG to glutamate occurring in the GOGAT reaction, a supply of 140 nmol of NADPH should have resulted in the maximum formation of 280 nmol of glutamate, because amination of 2-OG and deamidation of glutamine each formed 140 nmol of glutamate. Thus, the glutamate formation of around 800 nmol from 5,000 nmol of glutamine added to the assay at 30 C, which was vastly more than the theoretically predicted amount (280 nmol), might have occurred partly via a less well characterized pathway. We hypothesized that GOGAT may have had a detectable activity in this unusual glutamate formation.
Use of 15 N to distinguish glutaminase and glutamate synthesis reactions
The two possible pathways for glutamate formation in the GOGAT reaction (deamidation of glutamine and incorporation of ammonia into 2-OG) were distinguished using [5- When NADPH-regenerating systems (addition of G6P and G6PH) were employed ( 
Discussion
Effect of NaAsA addition on NiR activity
As shown in Table 1 , NaCl supplied at an appropriate concentration may optimize the molecular interaction due to the formation of salt bridges between FNR and Fd, allowing for the efficient transfer of electrons between the two protein species (Kurisu et al. 2001) . Since the Em value of AsA ($0.10 mV) is not sufficient to reduce the NiR-siroheme (À290 mV) (Kuznetsova et al. 2004) , reduced ascorbate (AsA) under the high concentration of 10,000 nmol of NADPH probably has a cofactor-like function as observed in the Arabidopsis heme oxygenase reaction (Muramoto et al. 2002) or as schematized for the NiR reaction (Kuznetsova et al. 2004) to support the NiR reaction or to maintain a reductive environment. The addition of 20 mM NaAsA had no effect on the GOGAT reactions with NADPH supply (Tables 3, 4) or the NADPHregenerating system (Table 5 ) (data not shown).
Efficiency of the reductant on the GOGAT reaction
The efficiency of using NADPH to form [ 15 N]glutamate was less in the L-FNR-Fd I system (Table 4, Experiment 4-1) than in the R-FNR-Fd III system (Experiment 4-2). The prerequisite for the reduction of Fd I (Em = À423 mV) is more intensive than that of Fd III (Em = À34 mV). The Em value of Fd III is close to that of NADPH (Em = À320 mV). Such circumstances may result in high efficiency of electron transfer from NADPH to Fd III, catalyzed by R-FNR ( Table 4) .
The temperature dependency of the GOGAT activity ([ 15 N]glutamate formation) was thus determined. In the NADPH-regenerating system (Table 5), the coupling of ammonia and 2-OG may occur even at 0 C, but to a lesser extent than at 30 C; the rate of amination of 2-OG is more dependent on temperature than is the deamidation of glutamine, and resulted in the release of ammonia at 0 C (Table 5) . However, the efficiency of NADPH in [
15 N]glutamate formation may be similar at 0 and 30 C, as was observed under a limited supply of NADPH (140 mmol) ( Table 4 , Experiments 4-1 and 4-2).
The results obtained ( The reconstituted systems commonly included 0.65 mM GOGAT and NADPH regenerating systems.
Values are the mean ± SE (n = 3).
allows [ 15 N]NH 3 transferred from the glutaminase site through the ammonia tunnel to attack 2-OG and form 2-iminoglutarate, as well as to reduce the keto-group of the 2-iminoglutarate intermediate forming [
15 N]glutamate at the synthase site in the FMN-binding domain. If reductant (NADPH) is not available, the NH 3 may not attack the keto group, resulting in its release into the environment. This catalytic activity is apparently the glutaminase using glutamine as a substrate (Equation 4). The glutaminase reaction requires GOGAT (probably a structure homologous to bacterial NADPH-GOGAT a subunit; Ravasio et al. 2002) without reductant (DIT, NADPH) (Tables 3, 4) .
The amount (mole) of ammonia, which is probably labeled with 15 N, plus the [ 15 N]glutamate should be equal to the amount (mole) of [
14 N]glutamate. However, the ammonia detected was less than expected in the present experiment ( Table 4) . This was probably due to the gaseous loss of ammonia in the alkaline reaction medium (pH 7.5).
Occurrence of various types of glutaminase
The glutaminase activities of glutamate synthase have been reported in some bacterial NADPH-dependent GOGATs (Tempest et al. 1970 , Trotta et al. 1974 , Mäntsälä and Zalkin 1976 , but not in Azospirillum brasilence NADPH-GOGAT (Vanoni et al. 1991) or Synechocystis Fd-GOGAT (Ravasio et al. 2002) , although the isolated a subunit of A. brasilence GOGAT did show glutaminase activity (Vanoni et al. 1998) . The activity of glutaminase ascribed not to the GOGAT reaction but to the glutaminase (EC 3.5.1.2, Equation 4) has been widely reported in microorganisms including bacteria, yeast and fungi (Nandakumar et al. 2003) , as well as in mammalian tissues including the liver and kidney (Curthoys and Watford 1995) . These glutaminases are localized in the mitochondoria. Only one higher plant (Triticale sp.) has the enzyme extract, which showed formation of ammonium and glutamate from glutamine, suggesting the presence of glutaminase (Sidel'nikova et al. 2001) , although the structural and biochemical properties of the glutaminase are not known. If the enzyme extract contained Fd-GOGAT protein, it is likely that the formation of ammonium and glutamate was under shortage of NADPH as shown in this report.
If the plant Fd-dependent GOGAT, whose activity is regulated by NADPH supply as shown in this report, functions as a glutaminase in vivo and releases ammonia from glutamine during the shortage of NADPH in the chloroplasts, the ammonia may be assimilated by the plastidic GS isoform (GS2), as both enzymes Fd-GOGAT and GS2 are located, at least partly, as multiple complexes in the stromal fraction of chloroplasts (Kimata-Ariga and Hase 2014 The GS2-Fd-GOGAT system in the chloroplasts is efficient in assimilating ammonia produced during the photorespiratory glycine to serine conversion (Key 2006) . However, part of the ammonia produced by photorespiration is emitted from the leaves into the atmosphere (Kumagai et al. 2011) . It would be interesting to know the involvement of Fd-GOGAT in the control of re-assimilation or loss of photorespiration-derived ammonia. Recently, Jamai et al. (2009) reported that in vivo operation of mitochondria-localized photorespiratory serine hydroxymethyl transferase requires close protein-protein interaction with Fd-GOGAT in the chloroplasts. Therefore, it would also be interesting to investigate what function(s) of Fd-GOGAT (including the glutaminase activity reported here) are implicated in the high flux and occasional ammonia release of the photorespiratory nitrogen cycle. The in vivo regulation of GOGAT, glutaminase, GS and NiR activities in the chloroplasts under light and darkness remains to be investigated (KimataAriga and Hase 2014), although the availability of NADPH appears to be one of the key regulatory factors.
Materials and Methods
Preparation of recombinant proteins of Fd, FNR, NiR, GOGAT and mutated GOGAT All enzymes and proteins used in this study were prepared as recombinant proteins expressed in Escherichia coli cells. They are isoproteins of Z. mays Fds (leaf Fd I and root Fd III); Z. mays FNRs (L-FNR and R-FNR) (Yonekura- ; Z. mays Fd-GOGAT , Valadier et al. 2008 ; cyanobacterial Fd (Pet Fd) from Plectonema boryanum ; and cyanobacterial recombinant NiR from Synechocystis sp. 6803 (Sekine et al. 2009) . A mutant enzyme named C/G GOGAT was used for the control assay. As the N-terminal cysteine residue of GOGAT is essential for amidotransferase activity, C/G GOGAT does not possess the capability for ammonia release due to substitution of the N-terminal cysteine with glycine.
Assay of NiR using 15 N-labelled nitrite
We placed 1.2 or 1.5 ml of 100 mM potassium phosphate buffer (pH 8.0) in 5 ml test tubes, then added 0.5 mM Na 15 NO 2 (98.6 atom % 15 N), 20 mM Fd I or Fd III, 0.5 mM FNR and 0.5 mM NiR. This mixture was then combined with 1.2 mM DIT or various concentrations of NADPH (b-NADP, reduced form, tetrasodium salt; Oriental Yeast Co. Ltd.), and incubated at 30 C in the dark (covered with aluminum foil) for 30 min. As supplements of the reaction system, 20 mM NaCl or 20 mM NaAsA were sometimes added. To terminate the NiR enzyme reaction, reaction tubes were heated in boiling water for 3 min. 
In vitro GOGAT reaction with unlabeled glutamine
The assay medium for Fd-dependent GOGAT consisted of 0.5 mM non-15 N-labeled L-glutamine, 0.5 mM 2-OG (from Sigma), 20 mM Fd I/Fd III/ Pet Fd, 0.1 mM L-FNR1, 0.728 mM GOGAT or its C/G mutant, and electron donors (NADPH, DIT) in 100 ml of 25 mM sodium phosphate buffer (pH 7.5). The reactions were terminated by boiling the assay tubes for 1 min. The glutamic acid formed in the GOGAT assay medium was derivatized with o-phthaldialdehyde, followed by reverse-phase HPLC on a Brownlee Spheri-5 column (Perkin Elmer) as described by Martin et al. (1982) . The derivatives were eluted by isocratic elution. The mobile phase was a 20 mM sodium phosphate buffer (pH 6.8) with 36% methanol. When each of the chemicals (glutamine, 2-OG and NADPH) and proteins (FNR, Fd and GOGAT) in the Na-P buffer had been boiled for 1 min and enzyme reactions had ceased, no glutamate was detected using the present measuring technique.
In vitro GOGAT reaction with 15 N-labeled amide of glutamine With 500 nmol of [5- 15 N-amide]glutamine (96.7 atom %), the assay of GOGAT was conducted in 25 mM sodium phosphate buffer (pH 7.3) using 140 nmol of NADPH or the NADPH-generating G6P/G6PDH system containing 0.14 mM NADPH, 10 mM G6PNa and 3 U l À1 G6PDH. After incubation for 30 min at 0 C (on ice) or 30 C, the ammonia formed was analyzed by an ICS-3000 ion chromatography system (Dionex Corporation) Harada et al. (2006) using an Agient Technologies capillary electrophoresis-mass spectrometer in the positive mode (Kato et al. 2010) .
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